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Abstract
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The effects of the nondominant or secondary ventricle on the Fontan circulation are not known.
The present study used cardiac magnetic resonance imaging to investigate the relations between
secondary ventricular size and global cardiac performance. The Fontan cross-sectional study
collected data from 7 centers participating in the Pediatric Heart Network. Subjects with complete
cardiac magnetic resonance imaging data and an identifiable secondary ventricle were included in
the analysis. Relationships between body surface area–adjusted parameters of the secondary
ventricle (mass, end-diastolic volume, mass/volume ratio, and stroke volume) and the following
measures were assessed. These measures included the percentage of predicted peak oxygen
consumption and oxygen consumption at the ventilatory anaerobic threshold, ejection fraction of
the main ventricular chamber, echocardiographic diastolic function grade, serum B-type natriuretic
peptide, primary ventricular end-diastolic pressure, and parent-reported physical functioning
summary score on the Child Health Questionnaire. Of the 546 enrolled subjects, 123 (age 12.1 ±
3.3 years, 56% male) had undergone cardiac magnetic resonance imaging, and 38 had achieved
maximal aerobic capacity. A larger secondary ventricular end-diastolic volume, lower mass/
volume ratio, and greater secondary/total ventricular stroke volume ratio were associated with a
greater exercise capacity. No significant relationships were found between the measures of the
secondary ventricle and the other outcomes. In conclusion, in children after the Fontan operation,
a larger and less hypertrophied secondary ventricle with a greater contribution to stroke volume
was associated with a better exercise capacity.
Late heart failure after the Fontan operation continues to be an important clinical challenge,
and ventricular dysfunction is thought to be a significant determinant of the long-term
outcome.1–6 In single ventricular physiology, although systolic work is performed
predominantly by the dominant (primary) ventricle, it has been postulated that through
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ventricle–ventricle interaction, a larger nondominant (secondary) ventricle might impair
function of the primary ventricle.7 However, few studies have evaluated the potential effects
of mechanical interaction between the primary and secondary ventricular chambers and its
effect on overall cardiac performance in the Fontan circulation.7,8 These studies were
hampered by small sample sizes and methodologic challenges. Cardiac magnetic resonance
(CMR) imaging allows accurate assessment of the size and systolic function of the primary
and secondary ventricles, free of geometric assumptions. We used CMR imaging to
investigate the effect of the size and functional contribution of the secondary ventricle on
exercise capacity and other parameters of global cardiac performance late after a Fontan
operation.

Methods
The present study used data from the Pediatric Heart Network prospective multicenter crosssectional study of subjects 6 to 18 years old who had undergone a Fontan operation without
additional intervention in the 6-month period before enrollment. The design and results of
the main study have been previously reported.9,10 The institutional review board at each of
the 7 participating centers approved the protocol. Of the subjects enrolled in the main study,
those with complete CMR data and an identifiable secondary ventricle were included in the
present study.
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CMR imaging was performed using a standardized imaging protocol developed by the core
laboratory. The study subjects did not undergo CMR imaging as a part of their assessment if
they had met any of the following criteria: (1) unable to cooperate without sedation; (2) had
a pacemaker, defibrillator, permanent pacemaker lead, or implanted device considered a
contraindication according to institutional guidelines; (3) had intravascular occlusion coils
deemed to result in excessive image artifact; or (4) were <6 weeks from endovascular device
implantation. Imaging was performed using locally available 1.5 T whole body scanners
(General Electric, Signa LX or TwinSpeed, Milwaukee, Wisconsin; Philips Intera, Best, The
Netherlands; and Siemens Sonata or Maestro, Erlangen, Germany). The standardized
imaging protocol included electrocardiographicgated segmented k-space fast (turbo)
gradient (14% of studies) or steady state free precession (86% of studies) cine magnetic
resonance acquisitions in the vertical and horizontal long-axis planes and contiguous shortaxis cine imaging from the atrioventricular junction through the cardiac apex. De-identified
CMR data were analyzed using commercially available software (MASS, Medis, Leiden,
The Nether-lands) at the core CMR laboratory by a single observer. The dominant ventricle,
designated the “primary ventricle,” was considered dominant because of its larger size and
that it received most of the ventricular inflow. The smaller ventricle was designated the
“secondary ventricle.” When both ventricles were similar in size, the classification of the
primary and secondary ventricles was adjudicated according to each ventricle’s contribution
to systemic output. The end-diastolic volume (EDV) and end-systolic volume (ESV), mass,
and ejection fraction were measured separately for the primary and secondary ventricles
using previously described techniques.11 The mass/EDV ratio and stroke volume were
calculated. To adjust for body surface area, the ventricular volumes were divided by (body
surface area)1.3, as previously described to calculate the indexed EDV and ESV.12–14
The primary outcome was exercise capacity, measured using ramp cycle ergometry with
assessment of the gas exchange. Peak oxygen consumption and oxygen consumption at the
ventilatory anaerobic threshold (VAT) were expressed as percentages of the predicted values
for age and gender.15 Resting and peak heart rates were measured, and percentage predicted
peak heart rate and chronotropic index [(maximal heart rate − heart rate at rest)/(predicted
maximal heart rate − heart rate at rest)] were calculated. Oxygen saturation, determined
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using pulse oximetry, at rest and peak exercise was measured. The exercise methods and
results for the entire cross-sectional study have been previously reported.16
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To further assess overall cardiac performance, the following outcome measures were also
evaluated: primary ventricular ejection fraction, plasma B-type natriuretic peptide (BNP,
Shiniogi BNP-32 human assay9), echocardiographic diastolic function grade, primary
ventricular end-diastolic pressure measured at cardiac catheterization before the Fontan
operation, and physical functioning score from the parent report of the Child Health
Questionnaire.17 A core laboratory interpreted the echocardiographic data. Ventricular
diastolic function was assessed using measures derived from pulsed Doppler and tissue
Doppler imaging. Diastolic function was graded as normal, impaired relaxation,
pseudonormalization, or restrictive, as previously described.10 Atrioventricular and
semilunar valve regurgitation were qualitatively graded as moderate or greater, if any of the
following were present: right, left, or common atrioventricular valve regurgitation was
moderate or greater; both right and left atrioventricular valve regurgitation grades were
mild; native aortic valve or native pulmonary valve regurgitation was moderate or greater; or
both native aortic and native pulmonary valve regurgitation grades were mild.
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Before formal statistical analyses, exploratory methods were used to summarize
distributional properties of the variables and to assess the evidence in favor of associations.
Relations between continuous predictors and outcomes were assessed using scatterplots,
with smoothing using generalized additive models. Transformations to continuous outcomes
were applied as appropriate to remedy skewness and heteroscedasticity. Unadjusted
associations were assessed using correlation statistics (in the case of continuous predictors)
and one-way analysis of variance (in the case of categorical predictors). After assessment of
bivariate associations, multiple linear regression analysis was used to assess the statistical
significance of the associations in the presence of potential confounders. The statistical
significance of individual predictors was assessed using Wald and likelihood ratio tests.
Statistical significance was evaluated with respect to a type I error probability threshold of
0.05.

Results
A total of 546 subjects were enrolled in the Fontan cross-sectional study cohort. Only those
subjects with a complete CMR data set and an identifiable secondary ventricle (n = 123)
were included in the present study. Subject characteristics are listed in Table 1.
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The morphologic types of primary and secondary ventricles are summarized in Table 1. The
secondary ventricle contributed to the systemic circulation (patent connection to the aorta
directly or through a ventricular septal defect) in 112 (91%) of the 123 subjects. The body
surface area-adjusted values for EDV and ESV, ejection fraction, mass, and mass/volume
ratio of the primary and secondary ventricles and the secondary ventricular/total stroke
volume ratio are listed in Table 2. As expected, on average, the secondary ventricles were
significantly smaller than the primary ventricle but had greater mass/volume ratios. When
both ventricles were similar in size, classification into primary and secondary ventricles was
adjudicated, as described in the “Methods” section. This sometimes resulted in a secondary
ventricle that was slightly larger than the primary ventricle.
The outcome measures are summarized in Table 3. Exercise capacity was impaired for age
and gender, although maximal aerobic capacity (respiratory exchange ratio ≥1.1) was
achieved in only a few (38 of 123) of the subjects. On average, primary ventricular ejection
fraction and CMR-measured cardiac index were normal, as was the ventricular end-diastolic
pressure at the pre-Fontan catheterization. Similarly, the plasma BNP level was normal but
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with a wide and skewed range of values. The diastolic function grade was abnormal in most
subjects. The mean Child Health Questionnaire physical functioning score was lower (47.7
± 11) than the scores from the normal United States population (53 ± 8.8, p < 0.001).18
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Only 38 subjects achieved their maximal aerobic capacity (peak respiratory exchange ratio
≥1.1), and the analyses of exercise capacity were limited to these subjects. The subjects who
achieved their maximal aerobic capacity were older (age 14.4 ± 3 vs 11.1 ± 3 years, p <
0.001) and had a greater chronotropic index (0.78 ± 0.13 vs 0.62 ± 0.16, p < 0.001) than
those who had not achieved their maximal aerobic capacity. No differences were seen in the
gender distribution, age at Fontan operation, morphologic type of secondary ventricle, type
of Fontan operation, oxygen saturation, or valve regurgitation. The relationships between the
CMR parameters of the secondary ventricle and measures of exercise capacity for those who
achieved the maximal aerobic capacity are shown in Figure 1 and listed in Table 4. After
adjusting for potential confounders (i.e., age, chronotropic index, and atrioventricular valve
regurgitation), a greater secondary/primary ventricular EDV ratio, greater secondary
ventricular/total stroke volume ratio, and lower log-transformed secondary ventricular mass/
volume ratio were associated with a greater percent predicted peak oxygen consumption and
percent predicted oxygen consumption at VAT. The analyses were also repeated using
secondary ventricular EDV index, mass index, and stroke volume index, instead of the ratios
of these values for the secondary and primary ventricles and yielded similar results. No
association was found between exercise capacity and the secondary/primary ventricular
mass ratio. A repeat analysis after excluding 1 subject in whom the secondary ventricle was
not contributing to the systemic circulation yielded similar results. When analyses involving
VAT were repeated to also include those patients who had not achieved maximal aerobic
capacity, no significant relations between the parameters of the secondary ventricle and
VAT were found.
CMR parameters of the secondary ventricle were not significantly associated with the
following outcome measures: ejection fraction of the primary ventricle, log BNP, pre-Fontan
primary ventricular end-diastolic pressure, Child Health Questionnaire physical functioning
score, or echocardiographic diastolic function grade. These relations were not influenced by
age or ventricular type.

Discussion
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The role of the secondary ventricle in patients with single ventricular physiology who have
undergone a Fontan operation has been debated due to conflicting data. It has been
speculated that through ventricle–ventricle interaction, a large secondary ventricle may
impair the function of the primary ventricle.7 Using tagged CMR imaging, Kurotobi et al7
showed that a larger secondary ventricle was associated with impaired regional shortening,
asynchronous contraction, and greater end-diastolic pressure of the primary ventricle. Fogel
et al19 also used tagged CMR imaging to demonstrate that in patients with a hypoplastic
right ventricle, left ventricular strain, radial motion, and twisting were abnormal. In contrast,
Wisler et al8 did not find a consistent relation between the size of the hypoplastic left
ventricle and echocardiographic measurements of global right ventricular function in
patients with hypoplastic left heart syndrome. Although these studies have shown that the
secondary ventricle can affect regional functioning of the primary ventricle, the effect of
such ventricle–ventricle interactions on global cardiovascular performance has not been
studied.
In the current study, we used the large multicenter cross-sectional database of the Pediatric
Heart Network to evaluate the effects of the secondary ventricle on several measures of
global cardiovascular performance. In the subjects who achieved maximal effort on exercise
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testing, a larger secondary/primary ventricular end-diastolic volume ratio, larger secondary
ventricular/total stroke volume ratio, and lower secondary ventricular mass/volume ratio
were modestly associated with greater exercise capacity. We found no relations between the
CMR parameters of the secondary ventricle and the other outcome measures.
The finding of greater exercise capacity in subjects with a larger and less hypertrophied
secondary ventricle with a greater contribution to stroke volume challenges the hypothesis
that a larger secondary ventricle impairs the functioning of the primary ventricle in the
Fontan circulation. In contrast, our results support the notion that contribution from the
secondary ventricle might help augment the work performed by the primary ventricle.
Another finding of interest was the lack of associations between secondary ventricular size
and parameters of diastolic function of the primary ventricle, including echocardiographic
diastolic function grade and end-diastolic pressure. Abnormal diastolic function is common
after a Fontan operation, and evidence is growing that it might be associated with adverse
early outcomes.20 Although diastolic dysfunction was common in our study group, no
evidence was seen that a larger secondary ventricle was associated with a worse diastolic
function grade of the primary ventricle.

NIH-PA Author Manuscript

The findings of the present study might have implications for the treatment of children with
a functional single ventricle. The observation that a greater exercise capacity was associated
with a larger secondary ventricle lends support to management strategies that use surgical
and transcatheter therapies to maximize growth of the secondary ventricle, even in patients
likely to undergo a Fontan operation.21,22 It has recently been shown that in patients with
borderline hypoplasia of left heart structures, primary left ventricular rehabilitation with
endocardial fibroelastosis resection and mitral and aortic valvuloplasty results in improved
left ventricular systolic and diastolic performance and decreased right ventricular pressures
after biventricular repair.21 Although data on the long-term outcomes after these
interventions are not available, our results suggest the possibility that improved growth of
the secondary ventricle might be beneficial even if biventricular repair is not feasible and a
Fontan operation is ultimately performed.
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The subjects of the present study were relatively healthy late survivors of a Fontan operation
who were a minority of the entire Fontan cross-sectional study data set. Although we studied
several measures of global cardiovascular performance, regional myocardial function was
not assessed. The number of subjects with adequate exercise data was relatively small, and
this precluded meaningful analyses of subgroups such as stratification by ventricular
morphology. Finally, invasive measurement of ventricular end-diastolic pressure was
available only from the pre-Fontan evaluation and might not have accurately reflected their
current status.
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Figure 1.

Relation between percentage of predicted peak oxygen consumption and (A) secondary/
primary end-diastolic volume ratio (n = 38; R = 0.49; p = 0.002) and (B) log-transformed
secondary chamber mass/volume ratio (n = 37; R = −0.58; p = 0.002). Both graphs show
linear regression fits with 95% point-wise confidence bands and were restricted to subjects
who achieved maximal aerobic capacity (respiratory exchange ratio ≥1.1).

NIH-PA Author Manuscript
Am J Cardiol. Author manuscript; available in PMC 2011 October 13.

Prakash et al.

Page 9

Table 1

Patient characteristics (n = 123)
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Characteristic

Value

Age at enrollment (years)

12.1 ± 3.3

Age at Fontan operation (years)

3.5 ± 2.2

Age at volume unloading surgery (years)

1.8 ± 1.7

Female (%)

54 (44%)

Diagnosis
Tricuspid atresia

36 (29%)

Double-inlet left ventricle

22 (18%)

Hypoplastic left heart syndrome

14 (12%)

D-loop transposition of great arteries with 2 ventricles, pulmonary stenosis, or pulmonary atresia

9 (7%)

Heterotaxy, double outlet right ventricle, single ventricle

9 (7%)

Pulmonary atresia, intact ventricular septum

7 (6%)

L-loop transposition of great arteries or double-outlet right ventricle with 2 ventricles, pulmonary stenosis, or pulmonary
atresia
Unbalanced atrioventricular canal
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Other

6 (5%)
3 (2%)
17 (14%)

Morphologic type of secondary ventricle
Left ventricle

39 (32%)

Right ventricle and infundibulum

56 (46%)

Infundibulum alone

28 (22%)

Fontan operation type
Atriopulmonary connection

24 (20%)

Total cavopulmonary connection (intracardiac lateral tunnel)

71 (58%)

Total cavopulmonary connection (extracardiac lateral tunnel)

13 (11%)

Total cavopulmonary connection (extracardiac conduit)

14 (11%)

Other

1 (1%)

Resting oxygen saturation (%)

94.1 ± 3.6

Peak oxygen saturation (%)

91.1 ± 5.4

Chronotropic index

0.68 ± 0.17

Moderate or greater atrioventricular valve regurgitation
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Moderate or greater semilunar valve regurgitation

Am J Cardiol. Author manuscript; available in PMC 2011 October 13.

22 (18%)
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Table 2

Cardiac magnetic resonance (CMR) data (n = 123)
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Variable
End-diastolic volume index (ml/body surface area1.3)
End-systolic volume index (ml/body surface

area1.3)

Secondary ventricular/total stroke volume ratio
Ejection fraction (%)
Mass index

(g/m2.6)

Mass/volume ratio

Primary Ventricle

Secondary Ventricle

Secondary/Primary Ventricle Ratio
(Median, Range)

70.5 ± 22

15.3 ± 14

0.14 (0.01–1.2)

30 ± 13

7.2 ± 7

0.16 (0.01–1.35)

NA

NA

0.12 (0.001–0.56)

57.9 ± 10

50.8 ± 21

—

55.5 ± 19

17.3 ± 11

0.26 (0.01–1.36)

0.8 ± 0.3

1.9 ± 1.6

—

NA = not applicable.
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Table 3

Outcome measures (n = 123)
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Measure

Value

% Predicted peak oxygen consumption
% Predicted oxygen consumption at ventilatory anaerobic threshold
Plasma B-type natriuretic peptide (pg/ml)

62.8 ± 15
77.1 ± 23
12.6 (4–185)

Echocardiographic diastolic function grade
Normal

24 (33%)

Impaired relaxation

8 (9%)

Pseudonormal

36 (38%)

Restrictive

20 (20%)

Pre-Fontan primary ventricular end-diastolic pressure (mm Hg)
Physical functioning score (Child Health Questionnaire)

8±3
47.7 ± 11

Data are presented as mean ± SD, median (range), or n (%).
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Table 4
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Correlation between cardiac magnetic resonance (CMR) parameters of secondary ventricle and exercise
capacity (maximal aerobic capacity group, n = 38)
Variable

Percentage of Predicted Peak Oxygen
Consumption
R

Percentage of Predicted Peak Oxygen
Consumption at VAT

p Value

r

p Value

Secondary/primary ventricular end-diastolic
volume ratio

0.49

0.002

0.42

0.01

Secondary/primary ventricular mass ratio

0.29

0.09

0.21

0.2

−0.58

0.002

−0.4

0.01

0.45

0.006

0.35

0.04

log (Secondary ventricular mass/volume
ratio)
Secondary ventricular/total stroke volume
ratio
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